We examined gene expression in tree shrew choroid in response to three different myopiagenic conditions: minus lens (ML) wear, form deprivation (FD), and continuous darkness (DK). Four groups of tree shrews (n = 7 per group) were used. Starting 24 days after normal eye opening (days of visual experience [DVE]), the ML group wore a monocular À5 D lens for 2 days. The FD group wore a monocular translucent diffuser for 2 days. The DK group experienced continuous darkness binocularly for 11 days, starting at 17 DVE. An age-matched normal group was examined at 26 DVE. Quantitative PCR was used to measure the relative (treated eye vs. control eye) differences in mRNA levels in the choroid for 77 candidate genes. Small myopic changes were observed in the treated eyes (relative to the control eyes) of the ML group (À1.0 ± 0.2 D; mean ± SEM) and FD group (À1.9 ± 0.2 D). A larger myopia developed in the DK group (À4.4 ± 1.0 D) relative to Normal eyes (both groups, mean of right and left eyes). In the ML group, 28 genes showed significant differential mRNA expression; eighteen were down-regulated. A very similar pattern occurred in the FD group; twenty-seven of the same genes were similarly regulated, along with five additional genes. Fewer expression differences in the DK group were significant compared to normal or the control eyes of the ML and FD groups, but the pattern was similar to that of the ML and FD differential expression patterns. These data suggest that, at the level of the choroid, the gene expression signatures produced by ''GO'' emmetropization signals are highly similar despite the different visual conditions.
Introduction
It is well established that a visually-guided emmetropization mechanism operates during post-natal visual development in a wide range of vertebrate species, including humans (Mutti et al., 2005; Norton, 1999; Schaeffel & Howland, 1988; Smith, Hung, & Harwerth, 1999; Wallman & Winawer, 2004) . This mechanism uses refractive error, detected by the retina, to adjust the axial elongation rate of the growing eye to achieve a match between the location of the retina and that of the focal plane, reducing the refractive error. Studies that either cut the optic nerve (Raviola & Wiesel, 1985; Troilo, Gottlieb, & Wallman, 1987) or suppressed retinal output (Norton, Essinger, & McBrien, 1994) have found that there is a direct pathway within the eye: emmetropization signals originate in the retina, pass into the retinal pigment epithelium (RPE) and then into the choroid, finally reaching the sclera. In tree shrews (mammals closely related to primates), stimulation of this pathway produces remodeling of the scleral extracellular matrix that alters its biomechanical properties, increasing the viscoelasticity and the axial elongation rate. We will refer to this as the ''direct emmetropization pathway'' because it can operate, albeit less well, in the absence of an ''indirect'' pathway comprised of connections from the retina, through central visual structures, that controls accommodation and other potential outputs to the eye and can affect refractive development (Dillingham, Guggenheim, & Erichsen, 2013; McFadden & Wildsoet, 2009; Schaeffel et al., 1990; Wildsoet, 2003) .
Minus lens (ML) wear and form deprivation (FD) are two treatments often used to stimulate the emmetropization mechanism (Wallman & Winawer, 2004) . Wearing a minus lens, held in place in front of the eye in a goggle frame, shifts the focal plane away from the cornea, creating an artificially hyperopic refractive state. This produces what has been described as a ''GO'' condition (Rohrer et al., 1993; Schaeffel & Howland, 1988) . In response, the lens-wearing eye increases its axial elongation rate, moving the retina to the shifted focal plane at which point the hyperopia is eliminated and the GO condition has dissipated. When the minus lens is removed, the treated eye is myopic. Form deprivation with a translucent diffuser provides ample retinal illuminance but http://dx.doi.org/10.1016/j.visres.2014.07.005 0042-6989/Ó 2014 Elsevier Ltd. All rights reserved.
removes the possibility that sharply-focused images can occur on the retina. This also is a GO condition that causes an increase in the axial elongation rate and myopia in the treated eye. However, because elongation cannot restore clear retinal images, the GO condition continues and the elongation rate remains elevated throughout the treatment period.
A third procedure, treatment with a period of continuous darkness (DK), also produces increased axial elongation in tree shrews and in chicks. Tree shrews that were first raised in standard colony lighting with light-on and light-off periods, and then transferred to a completely dark environment, develop an increased axial elongation rate and become myopic compared with age-matched normally-raised animals . Chicks placed in DK also exhibit increased axial elongation (Troilo & Wallman, 1991) . However, prolonged DK treatment also produces flattening of the cornea so that the birds eventually become refractively hyperopic despite having elongated eyes (Lauber, 1991) . The retinal mechanism by which darkness produces a GO condition is still unclear.
Based on behavioral and electrophysiological studies, ML and FD treatments produce different, distinct patterns of excitation and inhibition in the retina that are communicated through the geniculostriate visual pathway to produce differing visual responses. Several studies have suggested that the retinal emmetropization-related signaling produced by these two GO conditions can be distinguished Bitzer, Feldkaemper, & Schaeffel, 2000; Fujikado et al., 1997; Kee, Marzani, & Wallman, 2001; Schaeffel et al., 1994; Wildsoet, 2003; Yew & Wildsoet, 2003) . However, in the sclera, it has been found that ML and FD produce nearly identical gene expression signatures; DK treatment also produces a similar gene expression signature (Guo et al., 2013 ). It appears that the different retinal activity produced by these three myopiagenic conditions may be converted into a common set of emmetropization signals as it passes through the direct RPE-choroid-sclera emmetropization pathway. Has this consolidation into a common signal occurred at the level of the choroid, or does the choroidal ''compartment'' of the emmetropization pathway still distinguish amongst the visual conditions that produce a retinally-generated GO condition?
Although changes in levels of proteins or other molecules presumably are key to actually transmitting signals from choroid to sclera, it has been found that changes in mRNA levels can identify the responses of the cells in tissues and are useful in identifying pathways of interest (Gao et al., 2011 (Gao et al., , 2013 Schippert et al., 2006; Shelton et al., 2008; Siegwart & Norton, 2005; Stone et al., 2011; Zhang, Liu, & Wildsoet, 2012) . In a previous paper in tree shrew choroid , we examined the gene expression signatures produced by ML wear (GO) and by recovery from induced myopia (a STOP condition). Short-term ML treatment produced a GO gene expression signature that was distinct from the STOP gene expression signature. These results, involving altered gene expression in many genes, have shown that emmetropization-related signaling can be detected in the choroidal compartment of the direct emmetropization pathway. The goal of the present study was to examine alterations in gene expression in the choroid after 2 days of ML wear, 2 days of FD, and after 11 days of DK treatment. The question asked was whether the three GO conditions would produce the same, or very similar, gene expression signatures?
Materials and methods

Experimental groups
The methods employed in this study were generally identical to those in our previous paper . The juvenile tree shrews (Tupaia glis belangeri) used in this study were produced in our breeding colony and raised by their mothers on a 14 h light/ 10 h dark cycle. Tree shrew pups open their eyes about three weeks after birth. The first day both eyes are open is day one of visual experience (DVE). All procedures complied with the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research and were approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham. Experimental groups were balanced to include both males and females, and avoided pups from the same parents wherever possible.
There were four groups of animals (n = 7 per group) (Fig. 1) . Starting at 24 ± 1 DVE, the ML group wore a monocular À5 D (spherical power) lens for 2 days; the FD group wore a monocular translucent diffuser for 2 days; the DK group was housed in continuous darkness for 11 days, starting at 17 ± 1 DVE. In the ML and FD groups, the untreated fellow eye served as a control. A normal group (26N) was also examined at 26 DVE. Data from the ML and 26N groups were reported in the previous study and are shown here for direct comparison with the FD and DK group results.
Visual treatments
Animals in all groups were anesthetized (17.5 mg ketamine, 1.2 mg xylazine; supplemented with 0.5-2.0% isoflurane as needed) and received a dental acrylic pedestal. For the ML and FD groups, this occurred at 21 ± 1 DVE; in the DK group, the pedestal was installed at 16 ± 1 DVE. After pedestal installation, all animals were placed in individual cages with standard colony fluorescent lighting (GE F34CW WM ECO cool white or F32T8/ 25W/SPX41/ECO), 100-300 lux on the floor of the cage. In the ML and FD groups, 3 days after pedestal installation, a goggle frame holding a À5 D lens (12 mm diameter PMMA contact lens; Conforma Contact Lenses, Norfolk, VA) or a translucent diffuser was clipped to the pedestal, firmly holding the lens or diffuser in front of the randomly selected treated eye. The untreated fellow control eye had unrestricted vision through the open goggle frame. Lenses were cleaned twice daily (approximately 9:30 AM and 4:30 PM) while diffusers were cleaned only in the morning. During cleaning, goggles were briefly (<3 min) removed under dim illumination and animals were kept in a darkened nest box to minimize exposure to visual stimuli. Animals in the DK group were transferred to continuous darkness 1 day after pedestal installation (at 17 ± 1 DVE) and checked daily with night-vision goggles and infrared illumination; DK treatment ended after 11 days. The 26N group received a pedestal at 21 ± 1 DVE but did not wear a goggle.
Refractive and axial measures
Non-cycloplegic refractive measures were made, in awake animals, at the start and end of the treatment period with a Nidek ARK-700A infrared autorefractor (Marco Ophthalmic, Jacksonville, FL). Normal animals were measured just before euthanasia. Cycloplegic refractive measures were omitted to prevent any interference by atropine on retino-scleral signaling (McKanna & Casagrande, 1981) . However, previous studies have shown that non-cycloplegic measures provide a valid estimate of the refractive state, and of induced myopia, in tree shrews Norton et al., 2000) . All refractive values were corrected to the corneal plane and for the small eye artifact (Glickstein & Millodot, 1970) , previously shown to be approximately +4 D in tree shrews (Norton, Wu, & Siegwart, 2003) .
At the time the pedestal was attached, ocular component dimensions were measured in most of the animals with a Lenstar LS-900 optical biometer (Haag-Streit USA, Mason, OH) to ensure that the two eyes did not differ significantly in axial component dimensions before treatment began. Post-treatment axial component measures were also taken, except for one DK animal. The Lenstar optical biometer allowed these measures to be made quickly, in awake animals, just before euthanasia.
Choroid dissection
On completion of the final refractive measures, approximately 2-4 h into the light phase, animals were terminally anesthetized (17.5 mg ketamine and 1.2 mg xylazine, followed by 50 mg xylazine). DK animals were euthanized at similar times. Both eyes were enucleated and placed into RNAlater solution (Life Technologies, Carlsbad, CA). Extraocular muscles, conjunctiva, and orbital fat were trimmed from the exterior surface of the eye and the cornea dissected away just behind the corneoscleral junction. While viewing through a surgical microscope, the lens and vitreous humor were removed; the retina and RPE, which were tightly bound to each other, were then lifted from the eyecup. While still immersed in RNAlater, choroid was teased from the scleral inner surface using the rounded ends of forceps, collected, and then frozen in liquid nitrogen. Because the dissection was extremely gentle, it is possible that small portions of the lamina fusca, the outermost layer of the choroid, may have adhered to the sclera in some cases and, thus, not been included in our choroidal sample. Because the retina/RPE separated cleanly from the choroid without dissection, and because the inner surface of the sclera was not disrupted by forceful scraping of the surface (and most scleral fibroblasts are within the layered matrix, not on the inner surface), there is no reason to expect significant contamination of the choroidal samples from either retina/RPE or sclera. As a further precaution, RPE65 mRNA expression was measured in a group of 1-day ML animals for both the choroid and RPE, collected, as above, from the same eye. Whilst RPE65 mRNA abundance was approximately 100 fold greater in RPE than in choroid, its differential (treated vs. control eye) expression was not significantly altered in RPE but was significantly up-regulated in the treated eyes of the choroid sample . Thus, the RPE cannot be the source of the mRNA for RPE65 in the choroid. We think it is therefore reasonable to conclude that there was no significant contamination of our choroid sample with RPE.
Gene expression analysis
Each frozen choroid was homogenized with a disposable pestle (Fisher Scientific, Pittsburgh, PA) from which total RNA was isolated using a RiboPure kit (Life Technologies) according to the manufacturer's instructions, with the addition of an on-filter DNase treatment. The purified RNA was quantified (NanoDrop Technologies, Wilmington, DE), with an average yield per choroid of 4.5 ± 1.2 lg (mean ± SD). RNA quality was confirmed by denaturing gel electrophoresis (RNA FlashGel; Lonza, Rockland, ME).
cDNA was synthesized from 1 lg of total RNA in a final reaction volume of 20 ll using a Superscript III RT kit (Life Technologies) with minor modifications (2.5 lM anchored oligo (dT) 20 primers and DTT omitted). The resultant cDNA was diluted 5-fold and stored at À20°C until use.
Tree shrew-specific quantitative PCR (qPCR) primers were designed for 77 genes of interest (Table 1 ) and the reference gene RNA polymerase II (POLR2A) using Beacon Designer v7.7 (Premier Biosoft International, Palo Alto, CA). None of the treatment conditions affected the expression of the reference gene. Primer sequences, amplicon size, and efficiencies are listed in Supplementary Table S1 . The selected candidate genes included representatives of three major groupings: signaling, metallopeptidases & TIMPs, and extracellular matrix (ECM) proteins. They were selected from genes that were found to change in preliminary studies of tree shrew choroid during ML along with additional genes that were suggested by a whole-transcriptome analysis of three of the ML animals. All primers were designed to work under the same cycling conditions. All amplicons were located within the coding region and most spanned at least one intron; amplicon identity was verified by gel electrophoresis and sequencing.
Relative gene expression was measured by qPCR on a StepOnePlus Real-Time PCR System using Power SYBR Green PCR Master Mix (both, Life Technologies). Reactions were performed in triplicate in a 15 ll volume containing 300 nM each primer and 0.4 ll cDNA template. Cycling parameters were the same for all assays: initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 62°C for 60 s. Single gene products were obtained for all reactions as assessed by melt curve analysis. Relative gene expression was calculated using the DDCt method (Livak & Schmittgen, 2001 ) to first normalize the expression level of the target gene to that of the reference gene, and then to compare the relative expression of the target gene for treated vs. control eyes, treated vs. normal eyes, and control vs. normal eyes. For DK animals the average of the right and left eyes was compared with normal eyes, and with the control eyes of the ML and FD groups. The geometric group mean (for the 7 biological replicates) of these expression ratios was used to calculate the fold change in gene expression for each of the target genes.
Statistical analysis
One-way analysis of variance (ANOVA; Statistica, Statsoft, Tulsa, OK) was used to compare control and normal eye refractive data across groups of animals; paired t-tests were used to determine if significant myopia (treated eye vs. control eye, DK vs. normal) had developed. For gene expression data, paired t-tests were used to assess treated eye vs. control eye differences; unpaired t-tests were used to test for gene expression differences between all independent groups. For both t-tests and ANOVA, p < 0.05 was considered significant and no adjustment for possible false discovery rate was applied. Linear regressions between expression differences were made in SigmaPlot (Systat Software, San Jose, CA).
Results
Refraction
The final refractive values of the normal, treated, and control eyes in the four groups are shown in Fig. 2 . As expected in tree shrews at 26 DVE, both eyes of the normal group were slightly hyperopic (right eyes, 0.8 ± 0.4 D; left eyes, 1.3 ± 0.4 D; mean ± -SEM). After 2 days of treatment, the ML treated eyes showed a small, statistically-significant myopic shift; the treated eyes were À1.0 ± 0.2 D myopic in comparison to the control eyes. After 2 days of form deprivation, the treated eyes in the FD group also were significantly myopic (À1.9 ± 0.2 D) relative to control eyes. After 11 days of dark treatment, the DK group exhibited a statisticallysignificant myopic shift (À4.4 ± 1.0 D) compared with the 26N group (both groups, mean of right and left eyes). The control eyes in the ML and FD groups did not differ significantly from the 26 DVE normal eyes (one-way ANOVA, p = 0.79).
Ocular component dimensions, measured with the Lenstar, confirmed that the vitreous chamber of the treated eyes had elongated, relative to the control eyes. In the ML group, the vitreous chamber of the treated eyes (measured to the front of the retina) was 0.016 ± 0.004 mm (mean ± SEM) larger than in the control eyes. In the FD group, the treated eye vitreous chamber was 0.038 ± 0.011 mm longer than in the control eyes. The vitreous chamber in the DK group (2.94 ± 0.03 mm) was significantly larger than the vitreous in the 26N group (2.86 ± 0.02 mm). It also was significantly longer than the vitreous chamber in the control eyes of the ML (2.83 ± 0.02 mm) and FD (2.86 ± 0.02 mm) groups. Corneal thickness, anterior chamber depth, and lens thickness did not differ between treated vs. control eyes or between the 26N and DK groups. The choroid was slightly thinner in the treated eyes of the ML group (0.60 ± 0.005 lm vs. 0.65 ± 0.005 lm) and FD group (0.58 ± 0.002 lm vs. 0.062 ± 0.003 lm) but the differences were not statistically significant. Thus, the refractive myopia was primarily the result of a larger vitreous chamber depth.
Gene expression
Normal and DK groups
The mRNA levels in normal eyes, and the variability between normal left and right eyes, can provide a basis for comparison with the levels and variability found in treated and control eyes. Fig. 3A compares gene expression in the left and right eyes of the 26N group reported previously . Expression values for 
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all 77 genes are provided in Table 2 . Expression levels did not differ significantly between left and right eyes for any of the 77 genes. Fig. 3B compares gene expression in the left and right eyes of the DK group. There were no significant differences between left and right eye mRNA levels for any of the 77 genes. Thus, the differences found in the treatment groups can be attributed to the experimental conditions.
ML and FD groups
The ML group (Fig. 4A ) had a significant difference in mRNA expression levels between the treated and control eyes for 28 genes; 18 of these genes were down-regulated. Expression values are listed in Table 2 .
The FD group (Fig. 4B ) had a pattern of differential mRNA expression that was very similar to that in the ML group in terms of which genes did, and did not, show significant differential expression, the direction of the differential expression, and, generally, in the magnitude of that fold difference. Twenty-seven genes were differentially expressed in both; 17 were down-regulated. In addition, mRNA levels for 5 genes were significantly affected in the FD group that were not altered in the ML group: VIPR2, EGR1, and COL12A1 were down-regulated; EGF and MMP14 were significantly up-regulated. One gene (TIMP3) was significantly down-regulated in ML animals but not altered in the FD group treated eyes.
In almost all cases in both the ML and FD groups, the control eye gene expression was not significantly different from that in the 26N group, suggesting that treated vs. control differences are due to a change in the treated eye. For one gene (RLBP1) in the ML group the differential effect occurred because control eye, but not treated eye, mRNA levels were significantly different from the 26N group. In the FD group, this was the case for three genes (RLBP1, RPE65, and BMP2), as indicated in Fig. 4 and Table 2 .
Comparison between ML and FD GO signatures
The similarities in the mRNA expression patterns in the ML and FD groups are illustrated in Fig. 5 , which compares differential expression in the ML group (Fig. 4A) with the differential expression in the FD group (Fig. 4B) for the 33 genes whose expression was significantly altered in either group. All of the genes were regulated in the same direction in both conditions and generally by very similar amounts. The correlation was significant (p < 0.0001) with r 2 = 0.79. Although the direction of the shared differential expression was the same for these genes, the amplitude (of the fold differences) differed for several genes. PI15, RPE65, RLBP1, and EGF were more strongly up-regulated in the FD group than in the ML group. THBS1 and CYP26B1 were more strongly down-regulated in the ML group than in the FD group.
DK group
Because the DK group received binocular treatment, there was not a within-animal control for comparison. In Fig. 6 , the gene expression in the DK group (mean of right and left eyes) was compared with the three possible control groups: the control eyes of the ML group (Fig. 6A) , the control eyes of the FD group (Fig. 6B) , and with the 26N group (mean of right and left eyes) (Fig. 6C ). Fold differences for these comparisons are given in Table 2 . It is evident in Fig. 6 that similar patterns occurred regardless of which eyes were used as a comparison. Fewer fold differences were statistically significant than in the ML and FD groups treated vs. control eye comparisons, presumably because comparisons were made across groups of animals, rather than within animals. However, 4 genes were significantly regulated in the DK group in all three of the comparisons in Fig. 6 : CYP26B1, EGF, and PTX3 were down-regulated, while BMP4 was up-regulated. Whilst EGF was strongly down-regulated in the DK group in comparison with the ML con- Fig. 4 . Gene expression fold differences between the treated and control eyes for the (A) ML group and (B) FD group. Headings separated by vertical dashed lines indicate functional grouping of the protein products of the genes. Filled bars represent statistically significant differences between the treated and control eyes (p < 0.05). Bar color is arbitrary and intended to help in comparing the same gene in the two different conditions. Error bars = SEM. The X's indicate genes for which the significant treated vs. control eye difference was a result of the control eye differing from normal ( Table 2 ). The data shown in (A) are reproduced from . trol eyes, the FD control eyes, and the 26N eyes, it was significantly up-regulated in the treated vs. control eyes of the FD group.
Comparison of DK GO signature with ML and FD GO signatures
Gene expression in the DK group eyes, compared with either the ML or FD control eyes, was similar to that found for the treated vs. control differences for the ML and FD groups. Fig. 7 is organized similarly to Fig. 5. Fig. 7A plots the DK group (relative to the ML control eyes) (Fig. 6A ) against the ML treated vs. control eye fold differences (Fig. 4A) . Included in the figure are 31 genes that were significantly regulated in either ML (T vs. C), DK relative to the ML control eyes, or both. Fig. 7B plots the DK group (relative to the FD control eyes) (Fig. 6B ) against the FD treated vs. control eye differences (Fig. 4B) , including 34 genes which were significantly regulated in either FD (T vs. C), DK relative to the FD control eyes, or both. Fig. 7A and B are similar. The comparisons of gene expression in the DK group with the ML and FD groups are more variable than was the comparison between the ML and FD groups (Fig. 5 ). Yet, the fold differences for nearly all genes are in the upper right or lower left quadrant indicating that they were up-or down-regulated in both DK and ML groups (Fig. 7A) or in both the DK and FD groups (Fig. 7B) . The notable exception, in Fig. 7B , is EGF, which was significantly up-regulated in the FD group but down-regulated in the DK group. Also in Fig 7A, EGF is strongly down-regulated in the DK group (À8.47) and so is not shown given the figure's scale. The correlations (excluding EGF) were significant in both Fig. 7A (p < 0.0001, r 2 = 0.50) and Fig. 7B (p < 0.0001, r 2 = 0.51).
Discussion
A common choroidal GO signature?
In response to myopiagenic visual stimuli, the retinal compartment of the direct emmetropization pathway generates GO signals that are conveyed into the RPE , thence into the choroid , and eventually reach the sclera (Guo et al., 2013) where they modulate the axial elongation rate of the growing postnatal eye (Siegwart & Norton, 1998) . It seems evident that the three GO conditions used in this study, minus lens wear, form deprivation, and continuous darkness, must produce dramatically different responses in many of the retinal horizontal, bipolar, and amacrine cells and in the patterns of retinal ganglion cell activity that are sent through the optic nerve to central visual structures, yet all three produce a nearly identical response in the scleral fibroblasts (Guo et al., 2013) . There is evidence in chicks that the emmetropization-related signaling may differ between ML and FD conditions, but this is a topic of ongoing debate (Morgan, Ashby, & Nickla, 2013) . If they do differ, it seems likely that the differences are in the responses of retinal neurons, whose influence is then passed on to the RPE and choroid.
To what degree does the direct emmetropization pathway (as described in the Introduction) distinguish between these different myopiagenic visual conditions after the signals leave the retina? Although efferent influences to the choroid from the ''indirect'' emmetropization pathway cannot be completely ruled out, the present results suggest that the direct emmetropization mechanism may not distinguish between the different visual stimuli. Similarly, at the level of the scleral fibroblast response Guo et al. (2013) found in tree shrews that ML and FD produce virtually identical scleral gene expression signatures in a sample of 55 genes, and that DK also produces a very similar gene expression pattern. It thus seems relevant to assess whether these three GO conditions produce distinct or similar gene expression patterns in the choroid, which presumably is the primary source of the signals that produce the scleral fibroblast response.
The present study found that the three GO conditions produce very similar gene expression signatures in our sample of 77 genes in the choroid. The ML and FD gene expression signatures are extremely similar. These similarities extend not only to which genes are differentially expressed, and the magnitude of the fold differences, but also to which genes in the sample did not show significant differential expression. The DK signature may be less similar, but it is difficult to be certain without having a within-animal control eye for comparison.
We found only limited evidence of genes that respond specifically to one GO condition but not the others. mRNA expression for EGF was significantly up-regulated (4.13-fold) in FD. It was also up-regulated (2.09-fold) in ML, but the up-regulation was not statistically significant. Whether this represents a real difference between these conditions, or was due to variability in the relatively small groups of seven animals is unclear. However, EGF was dramatically down-regulated in DK choroid when compared with the ML control eyes (À8.47-fold), FD control eyes (À4.62-fold), and normal eyes (À12.79-fold). Evidence for other possible differences is less compelling; mRNA levels for three additional genes, NOS1, PER2, and SST, were significantly down-regulated in the DK eyes in two of the three comparisons but not altered in ML or FD. mRNA for APOE was significantly up-regulated in one of the three comparisons (DK vs. the FD control eyes); it was not regulated in the treated eyes vs. control eyes of the ML and FD groups. Thus, mRNA for EGF, in the DK group, was the only example in the present study of a gene whose regulation might be related to a particular myopiagenic visual condition. However, the overall similarity of the three choroidal GO gene expression signatures suggests that the details of the visual conditions that produce the initial GO signal in the retina are substantially less important in the choroid than they are in the retina.
Components of the GO signal
A reason to examine the response in choroid to these three myopiagenic stimuli is to learn if there is an essential ''core'' of key genes that modulate the signaling cascade into the sclera, causing it to remodel, and increasing the rate of axial elongation. Fig. 4B (FD) , showing the similar differential expression patterns in the two GO conditions. Values near the dashed line indicate genes that responded similarly in the two conditions. Stars = significant differences for both ML and FD; triangles = significant differences only for ML; squares = significant differences only for FD.
The strongest evidence for a single GO response/signal would seem to be the changes that occur in all three myopiagenic conditions. Table 3 shows those genes from our sample whose mRNA levels were significantly modulated during GO. Three genes were consistently modulated in the same direction in all three GO conditions (shaded in Table 3 ): the treated vs. control eyes of the ML and FD groups, and in the DK treated eyes when compared with all three possible ''control'' eyes. mRNA for CYP26B1 and PTX3 were down-regulated and mRNA for BMP4 was up-regulated. Using a less stringent criterion, significant differences in mRNA levels in the ML, FD, and two of the three DK group comparisons, six additional genes could be included in the core of the potential GO signal/response. EPHA1, SCUBE3, ZNF185, and MEST were downregulated; NRG1 and PI15 were up-regulated.
The suggestion that these genes might be the essential components of a choroidal GO response must be tempered by several limitations. One is that the ''essential GO'' signal may change over time and may also reflect the ''strength'' of the GO signal. The ML and FD groups were examined after 2 days of treatment, and developed slightly different amounts of myopia (À1.0 ± 0.2 D vs. À1.9 ± 0.2 D). The similarity of the mRNA signatures (Fig. 5) may reflect that very similar alterations in gene expression are important early in the development of induced myopia. The differences in expression levels of a few more strongly-affected genes (Fig. 5 ) may reflect their importance in the amount or rate of myopia development. For instance, the stronger up-regulation of PI15, RPE65, RLBP1, and EGF in the FD group may suggest that they are involved in the higher rate of axial elongation and myopia development. The lower down-regulation of THBS1 and CYP26B1 during FD may also contribute to the more rapid myopia development. The DK group experienced a longer (11 day) treatment period. As is the case with form deprivation, whatever signal is produced by continuous darkness to cause increased axial elongation did not change over time -the darkness was continuous throughout the treatment period. Thus is seems that the choroids in the DK group likely were in the same ''GO'' situation after 11 days as they were earlier in the treatment period. However, if the choroidal response to the GO condition changes with the dura- Fig. 6B (DK vs. FD control eyes; FDC). Values near the dashed line indicate genes that responded with similar fold differences in the two conditions. Stars = significant fold differences for both ML and DK (in A) or both FD and DK (in B); triangles = significant fold differences only for ML or FD; squares = significant fold differences only for DK.
Table 3
Genes that were significantly regulated under ML and FD (treated vs. control) or DK (vs. ML control, FD control, or Normal) conditions. Bold red gene symbols = down-regulation, italicised blue = up-regulation, grey shading = significant regulation in all five comparisons. EPHA1  EPHA1  EPHA1  EPHA1  SCUBE3  SCUBE3  SCUBE3  SCUBE3  VIPR2  P2RY1  P2RY1  BCO2  BCO2  CYP26B1  CYP26B1  CYP26B1  CYP26B1  CYP26B1  ZNF185  ZNF185  ZNF185  ZNF185  NOS1  NOS1  RLBP1  RLBP1  RLBP1  RPE65  RPE65  RPE65  EGR1  PER2  PER2  HIF1A  HIF1A  CILP  CILP  FAM180A  FAM180A  MEST  MEST  MEST  MEST  PENK  PENK  PENK  PTX3  PTX3  PTX3  PTX3  PTX3  SOSTDC1  SOSTDC1  SST  SST  APOE  BMP2  BMP2  BMP2  BMP4  BMP4  BMP4  BMP4  BMP4  IGF2  IGF2  NRG1  NRG1  NRG1  NRG1  PI15  PI15  PI15  PI15  TGFBI  TGFBI  EGF  EGF  EGF  EGF  CYR61  CYR61  NOV  NOV  THBS1  THBS1  ADAMTSL3  ADAMTSL3  TIMP3  MMP14  COL6A6  COL6A6  OGN  OGN  OGN  COL12A1 FMOD
ML FD
vs. MLC vs. FDC vs. 26N
Signaling -Secreted
Signaling -Matricellular
MP / TIMP Extracellular matrix
Functional category DK
Signaling -Cell surface
Signaling -Intracellular
Signaling -Transcription tion of treatment, it might help account for the less similar constellation of differentially expressed genes compared with the FD and ML groups. For instance, the dramatic down-regulation of EGF after 11 days of DK may be a late-developing signal related to alterations in circadian signaling (Morgan, Ashby, & Nickla, 2013; Nickla, Wildsoet, & Wallman, 1998) . It also is possible that some of the shared gene expression changes occur because the choroid physically responds similarly in all three myopiagenic conditions (Nickla & Wallman, 2010; Summers, 2013) in ways that may, or may not, be part of the emmetropization signaling cascade. Although the choroid is much thinner in mammals than in chicks, there is evidence in tree shrews (Siegwart & Norton, 1998 ) that, as in chick, it becomes thinner during myopia development (though the thinning was not statistically significant in the present study). In chicks, there is reduced choroidal blood flow and there could be remodeling of the choroidal extracellular matrix (Summers, 2013) . A subset of ten genes in our sample that were significantly altered in GO conditions play a role in vascular regulation and/or angiogenesis (BMP2, BMP4, CYR61, EGF, HIF1A, IGF2, NRG1, PTX3, THBS1, and TIMP3); the altered mRNA level for these genes may have been part of a common choroidal response. It is, of course, unknown if such vascular and/or extracellular matrix changes may not only be part of a local choroidal response, but also part of the emmetropization signal as well. To directly test the possibility that the shared gene expression changes may reflect simply changes in choroidal thinning or vascular flow, future studies might examine these genes in treatments in which the eye elongates without choroidal thinning, or slows its elongation without choroidal thickening (Nickla & Wallman, 2010) . It also could not be distinguished in this study the degree to which the choroidal signatures represent the response of choroidal cells to incoming signals from the RPE and the degree to which they are involved in generating signals that are transmitted to the sclera.
An additional limitation in the ability to define the key genes involved in the choroidal compartment of the direct emmetropization pathway is that although our sample is large enough to show that there are similarities and, potentially, to have found differences if they exist, this is nonetheless a relatively small sample. A preliminary whole-transcriptome analysis using mRNA from three of the ML animals suggested that over 300 distinct genes (from the just over 14,000 found to be expressed in the tree shrew choroid) may be up-or down-regulated by at least 1.2-fold (Frost, personal communication, 2013) . It may be that genes not included in our sample also respond in the same way to ML, FD, and DK and thus are part of a ''core'' of genes in the choroidal compartment of the direct emmetropization pathway.
If, as the data of this study suggest, there is a consistent group of genes whose expression responds in the same manner to ML, FD, and DK, it would raise the question of whether the incoming signals from RPE do, or do not, distinguish between these conditions? Once information about defocus has been extracted by retinal neurons, how important, for the direct emmetropization pathway, are the details of the visual scene? The emmetropization mechanism seems to function in a wide range of vertebrate species that exist in many different visual environments. The visual system uses channels comprised of differing neurons to respond to light increments and decrements, to color, direction of motion, etc. Neurons in these channels are specialized to respond to stimuli matched to their receptive-field properties; they have limited sensitivity to other characteristics of the visual scene. Similarly, perhaps, the direct emmetropization pathway may retain only the defocus-related signaling and be insensitive to the visual details. Thus far, we only have evidence in tree shrew choroid and sclera suggesting that visionspecific information may not be encoded. It will be interesting to learn if this is also the case in other species and also in the RPE.
